Abstract -In this paper, a numerical technique for the magnetic design improvement of a 6 poles-2hp-1200rpm axial flux IPM motor concerning an existing drive circuit is proposed. The design objectives are introduced as the minimum torque ripple, the minimum RMS value of phase currents, and the minimum total harmonic distortion of phase currents. These single objectives together with the current density and magnetic saturation constraints are set to be satisfied at the same time in a multi-objective function. These objectives are calculated from the simulation of the physics-based model of the machine at the same time. The physics-based model of the machine indirectly connects the magnetic characteristics of the IPM machine to the drive circuit. The physical characteristics of machine are calculated from a non-linear transient FE analysis of machine with motion. A fast convergence rate genetic-particle swarm algorithm is developed and it is used as an optimization tool. The comparisons of the calculated results before and after optimization procedures show the performance improvements as well as material savings.
INTRODUCTION
In design process, before prototyping of electrical machines, the computer-aided design of the electromagnetic device such as PM machine either is started from the selection of the initial geometry and material from an existing machine which has generally a near input-output performance to the desired machine, or it is started by calculation of the initial geometry or material from a classics design procedure. Evidently, both of these procedures may not lead to the optimal design that the designer expects to see and therefore the successive change of the design parameters supervised by a skilled engineer team or an artificial intelligent optimization-decision maker algorithm is needed [1] . Evidently, the second method is more desirable because it is less time consuming and less expensive approach to developing new devices or systems. In design solution categories of the PM machines, it is possible to change the back emf waveform of a PM machine by changing the geometrical design parameters of machine or changing the materials. On the other hand, it is recognized that the established current waveform through the machine is mainly proportional to the back emf waveform; therefore in the form of an inverse problem it is possible to change the back emf waveform for having a more desirable current waveform [2] . The current waveform of PM machine plays an essential role in the performance of the machine; firstly, it affects the torque ripple of machine; secondly, it affects the total harmonic distortion of machine; thirdly, it affects the magnetic losses, and, finally it affects the copper losses of machine and therefore consumed copper volume. On the other hand, the torque ripple of a PM machine is originated from three sources i.e. the cogging torque, the mismatching between current waveform and back emf waveforms, and the mismatching between the phase inductances and the phase currents. In general, there are three possible way to reduce the torque ripple. The first way, is to design the drive of the machine with respect to the maximum compatibility of the phase current to the back emf of machine; The second way is to design the geometry and material of the machine for the minimum cogging torque [3] ; and the third way is to design the geometrical design parameter of the machine with respect to the minimum cogging torque and the most compatible back emf waveform to the phase current. From machine design point of view, the back emf waveform is mainly influenced by magnetic materials, magnets magnetization (radial, parallel, or etc), magnets geometries, and magnets location in the rotor [3] . On the other hand, in geometrical solution category where the cogging torque originates from the energy variation of the air gap field due to the mutual interaction of the rotor magnets and stator openings (slot and teeth openings), there are various techniques to reduce the cogging torque. Basically the main Principles Underlying reduction of the cogging torque is to reduce abruptness of pole-teeth attraction which can be performed by magnet reshaping, teeth skewing, pole skewing and etc. [4] . This paper explores the best trade-offs between geometrical design parameters of an IPM motor with the motor phase current, back emf waveform, and cogging torque for a minimum torque ripple, minimum RMS value of phase current, a minimum total harmonic distortion of phase current, and as a result, a maximum efficiency. An optimization algorithm is developed to optimize a multiobjective function which covers the desirable goals. The input variables of the multi-objective function are defined as the normalized variance of torque ripple, RMS value of phase currents and total harmonic distortion of phase currents. The output of multi objective function is a fitness value that is sent to optimization algorithm. An interface block is placed between the multi objective function and optimization block. The interface block consists of a physics-based model of the IPM machine which is used to indirectly link the geometrical design parameters of the machine to the drive circuit and output performances. The inputs of interface block are the geometrical dimension of rotor and stator which mainly affect the magnet and copper volumes and the outputs of this block are the total torque, flux density in a specified location of the machine, current density, and the phase currents. The physics-based model is linked to an existing sinusoidal current drive to account for the effects of the drive topology on the performance of the machine. In fact, the current drive is seen like a black box model while its influences on the performance of the machine are taken into account.
II. THE PHYSICS-BASED MODELING
The physics-based model of a PM machines is an accurate, fast, and non-linear dynamic model for the purpose of integrated drive system simulations. In comparison with the d-q and the full FE-based models, the physics-based model has the accuracy close to a full FE-based model and it has a simulation run time close to the simple d-q model. This model uses non-linear transient finite elements (FE) solutions to establish a detailed block description of the implemented machines in a Simulink environment. This model accounts for flux weakening as well as other performances [5] . This model is essentially a database representation of the nonlinear transient operation of the machine. The physics-based model can be simply and quickly recreated when the machine geometry and material is changing during an optimization process.
The creation of the physics-based model consists of two general steps. In the first step, a non-linear transient finite element analysis is done to calculate the cogging torque, back emf, flux linkage, and the inductance Matrix of the machine.
The physics-based model is rotor-position dependent, therefore all of the finite element analysis must take the transient analysis and the motion of rotor into account. The rotor-position dependence of the back emf, the cogging torque, the inductances, and the flux linkages are shown in Figures 3 to 6 respectively. The back emf, and flux linkage, and Inductances are solved for rotation position with the speed equal to the nominal speed. The cogging torque is calculated for each mechanical degree of the rotation with one complete revolution. The inductance matrix is calculated by the incremental method [6] In FE domain, the corresponding magnetic vector potential for a rotating machine is calculated as:
Where is the conductivity, A is the vector potential, is the Velocity of the modeled object, is the external current Density, is the permeability, and is the magnetisation. The constitutive relation considering ferromagnetic saturation is:
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Where B is the flux density, H is the field strength, and is the permeability of air.
In the second step, after the FE analysis, the FE domain solutions are collected into lookup tables in the Simulink environment, and then, the machine electromechanical equations, equations (4) - (8), are implemented in the same Simulink domain. Following the implementation of the phase variable model in Simulink, a PWM drive with IGBT switch and a speed controller were used in parallel with the phase variable model of the machine to control the speed as given in figure 1 (b). To achieve high simulation accuracy in the FE domain, an attention is given to the rotating air gap mesh and the timestep of the transient analysis. Nodes on the lateral dimension of the rotating air gap are evenly spread. The time-step of transient analysis is the same as the time required for moving the radial angle between two contingent nodes. Moreover, due to simulation time restrictions, it is not possible to increase the number of meshing from a certain value in the FE domain therefore some numerical spikes may be presented in the waveforms of the back emf and inductances. In order to eliminate these spikes, a wavelet filtering technique [7] is used to filter out these numerical spikes. Following the implementation of the physics-based model of the machine in Simulink, a sinusoidal current drive was linked to the implemented model of the machine to control the speed, see Figure 1 (a,b). The drive circuit is a hysteresis modulation sinusoidal current control [8] with hysteresis band equal to 0.3 Amps. In the above equations, the flux linkage is composed of two parts, as shown in Eq. (5) . The first part is related to the inductance L abc of the stator winding, while the other part is contributed by the permanent magnets on the rotor, represented by
. V abc , R abc, and i abc are the terminal voltage, resistance and current of the stator winding, respectively. The cogging torque T cog is added to obtain the total output torque T m , as shown in Eq. (6) . The rotation angle/rotor position is represented by . Here L abc , and T cog are measured as rotor-position-dependent parameters. Also, in these equations p, J, and F are the number of pole pairs, inertia, angular speed, and friction factor, respectively. The load torque is T L .
III.
OPTIMIZATION PROCESS A.
The Hybrid GA-PSO Particle swarm optimization (PSO) is a population-based optimization algorithm that explore for the best solution by simulating the movement and flocking of birds [9] . The Particle swarm optimization (PSO) is launched by initializing of N set of n-dimensional flock of birds randomly over the ndimensional searching space. For a n-dimensional search space, the i th particle, can be represented by a n-dimensional
and velocity
Therefore the total size of each population is an n by N matrix. In PSO, the best position that the particle i visited so far, referred to as
, and the best position of the best particle in the swarm is referred as G=[g 1 ,g 2 ,…,g n ] T . Each particle i can adjusts its position in next iteration t+1 with respect to Equations (9) and (10) [10] :
Where ω(t) is the inertia coefficient which is employed to control the effect of the previous history of velocities on the current velocity.χ is a constriction factor which is used to limit velocity. Here, χ is equaled 0.71. C 1 and C 2 denote the cognitive and social parameters and r 1 and r 2 are random real numbers drawn from uniformly distributed interval [0, 1]. ω(t) is initialized it to a large value (here 1), giving priority to global exploration of search space, and gradually decreasing to a small value about zero (here, 0) as to obtain refined solution [6] . C 1 and C 2 adjust dynamically [11] . Experiments indicate to initialize C 1 to 2.5 and decrease it monotonically to 1.5 during optimization procedure. For enhancing the PSO's ability in escaping from local minima, a mutation operator is mixed to the PSO algorithm [12, 13] . In this study, mutation probabilities for iteration intervals of [4, 10] is five percent. After several simulations, it was seen that algorithm converges for up to six iterations. Consequently, the maximum number of iterations is set to 10. Different simulation shows that the algorithm is converged after 130000 second. The used CPU and memory are 1.17 GB and 3 GHz respectively. At the end of each of the iterations, a reselection is also done based upon selection probability of each solution, Eq. 18.
B. Multi-Objective Optimization
A classical move toward a multi-objective optimization problem is to allocate a weight ω to each Normalized objective function so that the optimization problem is appear in term of a single objective problem with a scalar objective function as [14] :
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Where is the normalized objective function of , and ∑ 1. This method is called the priori method since the user is expected to offer the weights. Solving a problem with the objective function (Eq. 11) for a given weight vector w = {w1, w2… wk} yields a single solution, and if multiple solutions are desired, the problem must be solved multiple times with different weight combinations randomly. The main difficulty with this method is selecting a weight vector 
Look-up tables
for each run [14] . The random calculation of weights is provided in step 2.2. The steps for atomizing the whole of the optimization process is summarize as below:
Step 1: Generate " " sets of random variables as the inputs of optimization process with respect to the initial geometry calculated from the classic design of the machine and their boundaries like: , , … , Step 2: Assign a fitness value to each solution by performing the following steps:
Step 2.1: Generate a random number u k in [0, 1] for each objective indices "k".
Step 2.2: Calculate the random weight of each objective "k" as:
Here two random numbers are generated between zero and one, then, based upon those two random numbers the three weights for torque ripple, THD, and RMS value of phase currents are calculated as:
Step 2.3: Calculate the fitness value as:
Where the penalties are defined as:
Here, the constraint of the B max is calculated for when the stator is exited, however the field in a PM machines is mostly dominated by the magnets rather than armature coils. Here , and are normalized variance of torque ripple, Equation (14) , normalized total harmonic distortion of phase current, Equation (15) , RMS of phase current, Equation (16), is the penalty factor of maximum allowable current density, and is the penalty factor of maximum allowable flux density respectively. In this work, the motor constant function, Equation 18, as an indication of the cost of producing the average torque is served as a criterion for comparison between the initial and optimal design. In Equations 14 to 17, is the instantaneous torque, , is the average toque, , is the RMS value of current in phase A, and THD is the total harmonic distortion of current.
Step 3: Calculate the selection probability of each solution as:
Where, is the minimum value of multi-objective function in each of the iterations.
Step 4: do the proposed Genetic-particle swarm optimization.
Step 5: If the stopping condition is not satisfied, go to Step 2. Otherwise, return to populations and objective values.
C. The discrete search space
Because the FE-based calculations of the physical characteristics of the IPM machine are a time consuming, and the optimization is an iterative task, it is necessary to limit search space. Here, the search space is limited by rounding the value of random variable , , … , as:
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Where and are the limitation of variables which are listed in table 3, and 2 ∞ is the space reducer factor. In fact by using equation (19) the continuous search space is divided into discrete search space. A proper choice of " " depends on the accuracy of manufacturing, time restriction for simulation, and physic of problem. Here " " is fixed to ten. The whole optimization process is shown in figure 2. 
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CLASSIC DESIGN OF IPM MACHINE
A 36-slot, 2-hp IPM synchronous machine is designed [3] . The rated speed of the PM machine is 1200 rpm. This machine has a three phase, and six magnet poles. The preferred magnet material is Samarium Cobalt, Sm2Co17, with permanence of magnets, Br, equal to 1.08[T], with relative permeability, µ R , equal to 1.07. Coercively of magnet, Hc, equals to 900 KA/m; the saturated flux density of the rotor and stator irons, B yoke , equals to 1.25 [T] . The motor is designed for a current density equal to three A , conductor space factor equals to 0.65, and average flux density of air gap equals to 0.56 [T]; the inter-pole angle equals to zero. The detail of the initial stator and rotor geometries are listed in tables II, III, and IV. In this paper it was assumed as the pole width decrease, i.e. inter pole angle is increased then the pole height is increased proportional to that. Different relationship between pole height and pole width was tested and finally it was seen that the best relationship between these two can be stated as the form of:
Where, h and hm are calculated as:
In above equation, A , is the initial designed area of magnet, R is the outer diameter of rotor, p is the number of poles, and α is the inter-pole angle in degree.
In the optimization process, the candidate design parameters of the IPM machine are the pole heights, h m , stack length, L st , and inter-pole angles, , which basically change the magnet poles volume and lower slot width Ws2 , upper slot width Ws3, and slot height ds which basically change the copper volume in each slot. Auxiliary teeth, Aux. #1 and Aux. #2, are placed for having more flexibility in the design, see Table I . It can be said that the variables can change the magnets, and the copper areas, consequently, the Ohmic loss and cost of machine can be changed although in this work this objectives are not considered directly. In this work, the outer radius of rotor and stator are not the interested design parameter. A series of floating points which assimilate the design parameter of machine are used as the input variables of optimization problem. Moreover, the machine geometries are allowed to change in two directions, i.e. in radial direction and in the length direction. Here, the relationships between the dimensions change in the stack length direction and in the radius direction are respectively expressed as: V.
SIMULATION RESULTS Figure 3 shows a comparison between initial and optimized back emf waveforms, it is seen that the optimized machine prefer to have a more smooth back emf waveform specially on the top of waveform. The back emf of the original motor is the summation of a trapezoidal waveform and a dominant sine wave. The frequency that dominant sine wave is five times of fundamental frequency of back emf waveform. The back emf waveform of the optimized machine is a semisinusoidal waveform with improved area and a dominant half cycle sine waves with respective frequencies nine times of fundamental frequency of semi-sinusoidal back emf waveform. Figure 4 shows a comparison between the cogging torques before and after optimization. The optimized machine has a cogging torque at least four times lower than the cogging torque of the initial design and the frequency of the cogging torque is increased twice. Figure 5 shows the self and mutual inductances before and after optimization. As can be seen from this picture, the absolute amplitude values of both self and mutual inductances is increased that is more desirable to the current dive. Figure 6 shows the flux linkage of the machine before and after optimization. It is seen that the maximum value of the flux linkage is increased that will help the machine to be supplied by a lower current. Figure 7 shows the total torque of the machines before and after optimization. As it is illustrated in this Figure, the torques ripple of optimized machine is decreased at least four times in comparison with the torque ripple of the initial design. A part of this ripple reduction is because of reduced cogging torque and a part of that is because of minimization of mismatching between the current and back emf waveforms. The comparison between the phase of self and mutual inductance in one phase before and after optimization shows that after optimization, a phase shift is occurred in the inductances that mainly will cause to a developed reluctance torque in the machine, due to the change of the rotor shape and its material in the vicinity of the air gap after optimization. Figure 8 shows the simulated speed of original and optimized machines. It is seen that the optimized machine has a small overshoot at the start up. The enlarged view of speed shows that speed ripple of the optimized machine is reduced, although it was not a direct objective. Tables II, III , and IV show the initial and the optimal geometries of the IPM motor. As can be concluded from these Tables, there is no need for Aux 1 . The reason is that, this tooth leads to iron saturation in the teeth opening, whereas Aux 2 which manly influence the back emf waveform as well as cogging torque is properly shaped. Moreover, the volume of copper and magnets before and after optimization are shown in Table V . It is seen that the copper and magnet volume of the optimized machine are reduced. In fact the reduced root mean squared value of current has lead to reduction of area of copper. Table VI shows a comparison between the performance measures of machine before and after optimization. As can be seen from that almost all of the desired goals were achieved. 
VI. DISCUSSION
By a comparison of the phase current and the back EMF waveforms of the initial and the optimized designs, Figures 9(a) and 9(b), it can be seen that, the current of the optimized machine is visually more close to its back emf. Moreover, by a visual comparison of the current waveform and the back emf waveforms at the vicinity of the peak of the back emf, see Fig. 10 (a) and (b), it is seen that the current is better matched to the back emf in the optimized machine. In fact, the vicinities of the peak of the back emf are where the maximum energy conversions are happened. Figure 11 (a) and (b) show the phase current waveform of the initial and the optimized machines. As can be seen from this figure, the high order harmonic contents of the initial machine is more than the high order harmonic contents of the optimized machine. In truth, the less high order current harmonics will result in the less magnetic loss in the iron cores, although the magnetic loss was not a direct objective. Furthermore, as mentioned in section (IV.), in the classic design procedure, the current density is assumed three (A/mm 2 ), but as illustrated in table 6, the current density of the initial machine is calculated as 4.84(A/mm 2 ). In fact, the classic design procedure will not provide the designer will the accurate information about the machine unless the dynamical physics-based model of the machine is calculated and simulated. Here the current density is calculated from the division of the phase current calculated from the physicsbased model and the conductor area in each slots. This work was performed where some of the geometrical design parameters of the machine were introduce as the optimization variables and the current drive circuit was seen as a black box. Indeed, this is helpful where the machine manufactures needs to make the design of their machines compatible to an existing drives in the market. Indeed, This process is feasible with a real time hardware in loop (HIL) optimization process. From another point of view, for a complete optimization of the motor-drive system both of motor and drive can be optimized together. In this view a low frequency physics-based models of motor-drive systems will be needed. 
VII. CONCLUSION
In this paper, the performance enhancement of IPM machine using a hybrid multi-objective optimization of an IPM machine was done where the objectives were calculated from the physics-based model of the machine. A dynamic physics-based phase variable model of the machine, as a fast and accurate model, was used to indirectly link the machine design parameters to its drive circuit during optimization process, in this way, the dynamic effect of PWM IGBT sinusoidal current drive on machine performance during design process was taken into account. After optimization, the area of copper, the area of magnet, the torque ripple, the speed ripple, the total harmonic distortion of the phase currents, the total mass were reduced while the motor constant was increased.
VIII. 
